The stability of a technique for measuring hepatic blood flow and oxygen consumption was established in six greyhounds anaesthetized with pentobarbitone (group A). Subsequently, the effects of increased Pa-co, were studied in another six animals (group B). With one exception (splenic blood flow) no significant changes were observed in any of the indices measured in group A. In group B, although hepatic arterial blood flow (HABF) decreased when P&co, increased, both portal venous blood flow (PVBF) and total liver blood flow (HABF + PVBF) increased. However, these changes were much less marked after 20 min. Hepatic oxygen consumption and splenic venous blood flow were unchanged with an increase in PSLQO, Despite major advances in hepato-biliary surgery in recent years, knowledge of the effects of anaesthetic agents on hepatic arterial and portal venous blood flows and hepatic oxygen consumption is limited (Goldberg, 1970; Batchelder and Cooperman, 1975; Cooperman, Wollman and Marsh, 1977) . In addition, data on the effect of increased arterial carbon dioxide tensions on hepatic blood flow are contradictory, some authors suggesting it increases flow (Scholtholt and Shiraishi, 1970) and some that it decreases flow (Epstein et al., 1961; Cooperman, 1972; Juhl and Einer-Jensen, 1977) . It was thought desirable, therefore, to make use of more recently available technology in an attempt to clarify the situation.
Despite major advances in hepato-biliary surgery in recent years, knowledge of the effects of anaesthetic agents on hepatic arterial and portal venous blood flows and hepatic oxygen consumption is limited (Goldberg, 1970; Batchelder and Cooperman, 1975; Cooperman, Wollman and Marsh, 1977) . In addition, data on the effect of increased arterial carbon dioxide tensions on hepatic blood flow are contradictory, some authors suggesting it increases flow (Scholtholt and Shiraishi, 1970) and some that it decreases flow (Epstein et al., 1961; Cooperman, 1972; Juhl and Einer-Jensen, 1977) . It was thought desirable, therefore, to make use of more recently available technology in an attempt to clarify the situation.
We have devised an animal model for studying the hepatic circulation and have used it to examine the effects of increases in arterial carbon dioxide tension on hepatic blood flow and oxygen consumption.
MATERIALS AND METHODS

The animal model
Anaesthesia was induced in greyhounds (wt 25-35 kg) with thiopentone 20 mg kg" 1 i.v. and maintained with pentobarbitone 30 mg kg" 1 initially and supple-and Surgery, The Royal 0007-0912/79/04O289-O8 $01.00 ments of 2 mg kg" 1 i.v. if required later in the investigation. Following tracheal intubation, the lungs were ventilated artificially (Barnet Mk II ventilator) with a mixture of nitrogen 75% in oxygen. The minute volume and the inspired oxygen concentration were adjusted to maintain normal / > a cc , 2 and Pa Oa tensions. Pancuronium 0.15 mg kg" 1 was administered to produce neuromuscular blockade.
Following laparotomy, the hepatic artery (HA) was dissected free of adventitiae, for a distance of 1 cm, at a site 1-2 cm from the coeliac axis. The nerve plexus was left intact. A 3-mm electromagnetic flow (e.m.f.) probe (Statham) was applied and flow was measured with Statham 2202 flow meters. The gastroduodenal artery and the right gastric artery were ligated to ensure that true hepatic arterial flow was measured. A 1-cm length of the portal vein (PV) was dissected, proximal to the insertion of the gastroduodenal vein, and a 6-mm e.m.f. probe applied. The gastroduodenal vein was ligated distal to the point of insertion of a cannula, the tip of which was at the junction of the gastroduodenal vein and the portal vein. This cannula was used to sample portal venous blood, to record portal venous pressure and as an injection site for xenon-133 solution ( fig. 1) . A portion of the splenic vein was exposed distal to its junction with the left gastric vein and a 3-mm e.m.f. probe was applied (the spleen was not removed). The hepatic vein (HV) was cannulated via the external jugular vein and the position of the tip of the catheter within an hepatic vein was confirmed by direct palpation. This was used for measurement of hepatic venous pressure and sampling of hepatic venous blood.
Systemic arterial pressure was recorded in the abdominal aorta via a cannula inserted via the right femoral artery. A thermistor-tipped, triple-lumen catheter was passed via the right femoral vein into a pulmonary artery and cardiac output was measured by the thermal dilution technique (Forrester et al., 1972) . In addition, core temperature was monitored and was maintained at 38 °C by means of heating lamps.
Hepatic tissue blood flow was determined by external scintillation counting over the liver following the injection of 1.0-1.5 mCi of xenon-133 solution into the gastroduodenal vein (MacKenzie et al., 1976) . Flow was calculated from the fast component of the clearance curve (Mathie et al., 1978) . Hepatic oxygen consumption was calculated as follows:
Hepatic oxygen consumption (ml min" 1 ) = VBF iob~:
where PV and HA blood flow is in ml min-1 .
The portal venous, hepatic arterial and hepatic venous oxygen contents were measured using the Lex-0 2 -Con electrolytic cell (Lexington Instruments) (Kusumi, Butts and RufF, 1973) .
Blood-gas tensions and pH measurements were made using appropriate, suitably calibrated electrodes (Corning) . Since it appears that dogs maintain normally a compensated metabolic acidosis (Zweens et al., 1977) , the base deficit was maintained at -4 mmol litre" 1 by the administration of sodium bicarbonate when required. In addition, liver function tests and measurements of the concentrations of the plasma electrolytes were undertaken at the beginning and at the end of each investigation. In those animals subjected to increases in arterial carbon dioxide tension (see below) the haematocrit was measured before and during each step increase in Pa C02 . Throughout each investigation the fluid balance of the animal was maintained by the i.v. infusion of 0.9% sodium chloride 15 ml kg" 1 h" 1 .
Experimental programme Control animals {group A).
To assess the stability of the preparation, six animals were prepared surgically as described above (approximately 3 h elapsed between the induction of anaesthesia and the termination of surgery). Subsequently, control conditions were maintained and measurements made at hourly intervals for 3 h.
Hypercarbia animals {group B).
In another six animals, following the determination of the baseline values, carbon dioxide was added to the inspired gas mixture and measurements performed at .Pa C02 values of approximately 7.3 kPa, 9.3 kPa, 11.3kPa and 13.3 kPa. Each value of Pa C02 was maintained for 30-40 min and, since the response was found to be biphasic, measurements were obtained at both 2-3 min and approximately 20-30 min. -Pa c02 returned to its baseline value (5.3 kPa) between each step change.
Analysis of results
Mean arterial pressure has been calculated as the arterial diastolic pressure plus 1/3 pulse pressure. The 
RESULTS
Control animals {group A)
With the exception of the splenic blood flow at 2 h, all the measurements obtained in the six dogs in this group remained stable throughout the period of study (table I) .
Hypercarbia {group B)
The mean arterial pressure decreased significantly at Pa COi values of 9.3, 11.3 and 13.3 kPa and there was no difference in the values obtained 2-3 or 20 min after administration of carbon dioxide. Cardiac output (measured only at 20 min) increased with increasing P&co 2 an(^ *h e change was significant with Pa C02 of 13.3 kPa (table II) .
Hepatic arterial blood flow decreased significantly at all -Pa COl! values immediately on administration of the carbon dioxide, but by 20 min the decreases were significant only at Pa COi 11.3kPa (figs 2, 3). Likewise, the portal venous blood flow increased significantly with increased Pa C0|! in the initial measurements, but by 20 min the increases were significant only at Pa C02 11.3 and 13.3 kPa (figs 2, 3). The changes in portal venous flow were greater than those in hepatic arterial flow and, as a result, total liver blood flow (the sum of the two) increased significantly at 11.3 and 13.3 kPa immediately and remained increased at the 13.3-kPa tension after 20 min (figs 2,3).
Changes in total liver perfusion, measured by xenon clearance 20 min after the addition of carbon dioxide were similar to those in total liver blood flow using the e.m.f. technique. The correlation between the two methods of measurement was highly significant (r = 0.81; n = 50; P<0.001). Hepatic oxygen consumption 20 min after the addition of carbon dioxide did not change significantly from the control. However, hepatic venous oxygen content increased significantly at Pa C02 13.3 kPa (table II) .
Changes in the concentrations of sodium, chloride and potassium were small and the only significant alteration in the liver function tests was an increase in aspartate transaminase concentration.
DISCUSSION
Throughout these investigations, background anaesthesia was provided with pentobarbitone, which has Mean arterial pressure (mmHg) Cardiac output (litre min-' kg-') Portal venous blood flow (ml 100 g-' min-') Hepatic arterial blood flow (ml 100 g" 1 min-') Total liver blood flow (HABF + PVBF) (ml 100 g" 1 min"') TLBF (xenon-133) (ml 100 g" 1 min-') Splenic venous blood flow (ml min" 1 kg"') Hepatic oxygen consumption (ml 100 g~' min-») been shown previously to produce stable cardiovascular conditions in the dog (Gilmore, 1965) , and to have no significant effect upon liver blood flow in that animal (Fischer et al., 1956; Gilmore, 1958; Evringham, Brenneman and Horvath, 1959) . The only significant change noted in control measurements (group A, table I) was a 20% decrease in splenic blood flow probably associated with handling. While, completely stable control conditions could be produced, in theory, by the use of an isolated perfused liver, this particular preparation has proved to be very difficult to use because of the histaminemediated hepatic outflow block syndrome (Dionigi and Alexander, 1970; Greenway and Stark, 1971) . Electromagnetic flow meters have been used for nearly 20 years to measure hepatic arterial and portal venous blood flows (Drapanas, Kluge and Schenk, 1960) . However, the study of liver blood flow in the dog has been made especially difficult by the necessity, with earlier flow meters, to occlude the portal vein mechanically-a procedure which rapidly produces shock in this species. A further difficulty resulted from the proximity of the hepatic arterial and portal venous e.m.f. probes, because of interference between the two magnets. The Statham 2202 flow meter avoids these problems. The ability to monitor blood flow continuously was especially valuable in this study where a biphasic action of carbon dioxide on hepatic arterial and portal venous blood flows was shown. A verification of the accuracy of this method of measurement has been provided by the authors' comparison with the xenon-133 clearance technique both in this study and in a previous report (Mathie et al., 1978) .
Although there were no significant changes in oxygen consumption at any stage of the study, at / > a C02 13.3 kPa, hepatic venous oxygen content increased significantly suggesting that, in the steady state, carbon dioxide does not affect oxygen consumption by the liver and, in view of the increased blood flow, may be beneficial.
It was noticeable that both the immediate increase in portal blood flow and the immediate decrease in hepatic arterial blood flow in response to carbon dioxide diminished towards baseline values over the course of the subsequent 20 min of administration. It appears that the initial effect of carbon dioxide was direct vasodilatation and, subsequently, a sympathetically mediated vasoconstriction may have developed (Manley, Nash and Woodbury, 1964) , causing a decrease in flow towards baseline. It seems likely that the initial decrease in hepatic arterial blood flow was not a direct effect of carbon dioxide but could be a mechanical phenomenon caused by the increase in portal vein and sinusoidal pressure, thereby impeding hepatic arterial flow. This hypothesis is supported by the demonstration that small increases in hepatic venous pressure, resulting in increases in portal venous pressure similar to those seen in this investigation, result in a marked decrease in hepatic arterial blood flow (Ternberg and Butcher, 1965; Hanson and Johnson, 1966; Lutz, Peiper and Bauereisen, 1968) .
The increase in liver flow with carbon dioxide seen in this study confirms previous results (Tashkin, Goldstein and Simmons, 1969; Scholtholt and Shiraishi, 1970) obtained with e.m.f. probes. However, other workers (Epstein et al., 1961; Juhl and Einer-Jensen, 1977) have shown a decrease in splanchnic blood flow with hypercarbia. Our experiments have shown that the changes in flow vary considerably over a 20-min period and it may be that conflicting results may be explained by the use of different periods of administration of carbon dioxide before measurement of liver blood flow. The discrepancies could also be a result of differences in measurement techniques, species and anaesthesia.
In this study there was a progressive decrease in the baseline values for portal venous blood flow after each administration of carbon dioxide. Our control series demonstrated that portal venous blood flow remains stable in this preparation if it is not exposed to carbon dioxide. This would suggest that the secondary decrease in portal venous blood flow seen with carbon dioxide administration persists after withdrawal of the gas, resulting in the decreased baseline values.
It has been shown that severe hypercapnia (30% carbon dioxide) produced splenic contraction (Ramlo and Brown, 1959) and, as it was considered of value to see if changes in splenic blood flow markedly affected portal flow, splenic blood flow was measured. No significant changes were seen and this demonstrates that at these tensions of carbon dioxide the spleen plays no role in the changes in portal blood flow. However, small but significant increases in haematocrit were seen, suggesting that a degree of splenic contraction, too small to affect flow, must be occurring.
• Since the mean arterial pressure decreased at carbon dioxide tensions of 9.3 kPa and above and the cardiac output was noted to have increased at the higher tensions, it can be inferred that the smooth muscle relaxant effect of carbon dioxide on peripheral blood vessels (Price, 1960) predominated over central sympathetic stimulation.
In conclusion, it is felt that this particular animal model has been shown to be stable and suitable for studies on the hepatic circulation. Our data demonstrated that carbon dioxide produced an increase in liver blood flow without affecting oxygen consumption. This effect could prove valuable in a liver with a compromised blood supply. Furthermore, we feel that this model will prove valuable in further studies of the effects of alterations of blood-gas tensions and of the influence of anaesthetic agents on the hepatic circulation.
Zweens, J., Frenkena, H., van Kampen, E. J., Rispens, P., and Zijlstra, W. G. (1977) . 
SUMARIO
Se determino la estabilidad de una tecnica para medir la circulacion de sangre hepatica y el consumo de oxigeno en seis galgos anestesiados con pentobarbitona (Grupo A). Posteriormente, se estudiaron los efectos ejercidos por el aumento de Paco, en otros seis animales (Grupo B). Con una sola exception (circulacion de sangre esplenica), no se observaron cambios signincativos en ninguno de los indices medidos en el grupo A. En el grupo B, aunque la circulacion de sangre arterial hepatica (HABF) disminuyo al aumentar el Paco,» aumento la circulacion de sangre venosa portal (PVBF) y la circulacion de sangre total en el higado (HABF + PVBF). Sin embargo, estos cambios fueron mucho menos marcados al cabo de 20 min. El consumo de oxigeno hepatico y la circulacion de sangre venosa esplenica continuaron sin cambio ante el aumento de Paco,-
